c Plant-associated bacteria are of great interest because of their potential use in phytoremediation. However, their ability to survive and promote plant growth in metal-polluted soils remains unclear. In this study, a soilborne Cd-resistant bacterium was isolated and identified as Enterobacter sp. strain EG16. It tolerates high external Cd concentrations (Cd 2؉ MIC, >250 mg liter ؊1 ) and is able to produce siderophores and the plant hormone indole-3-acetic acid (IAA), both of which contribute to plant growth promotion. Surface biosorption in this strain accounted for 31% of the total Cd accumulated. The potential presence of cadmium sulfide, shown by energy-dispersive X-ray (EDX) analysis, suggested intracellular Cd binding as a Cd response mechanism of the isolate. Cd exposure resulted in global regulation at the transcriptomic level, with the bacterium switching to an energyconserving mode by inhibiting energy-consuming processes while increasing the production of stress-related proteins. The stress response system included increased import of sulfur and iron, which become deficient under Cd stress, and the redirection of sulfur metabolism to the maintenance of intracellular glutathione levels in response to Cd toxicity. Increased production of siderophores, responding to Cd-induced Fe deficiency, not only is involved in the Cd stress response systems of EG16 but may also play an important role in promoting plant growth as well as alleviating the Cd-induced inhibition of IAA production. The newly isolated strain EG16 may be a suitable candidate for microbially assisted phytoremediation due to its high resistance to Cd and its Cd-induced siderophore production, which is likely to contribute to plant growth promotion.
H
eavy metal contamination has become one of the most serious environmental problems in recent years. Metal extraction activities are major sources for heavy metals in the environment (1) . Cadmium is highly toxic to plants, animals, microorganisms, and humans even at quite low concentrations (2, 3) . Although Cd is non-redox active, it can cause oxidative stress by generating reactive oxygen species (ROS) (4) , which can lead to DNA damage (5) , inhibit the DNA mismatch repair system (6) , and disrupt the synthesis of nucleic acids and proteins (7) .
Phytoremediation, a low-cost and eco-friendly technology for the decontamination of heavy-metal-polluted soils, uses plants to absorb, accumulate, and detoxify heavy metals in soil (3) . However, the serious environmental stresses present in most cases of phytoremediation result in slow plant growth, low biomass production, and long time frames for remediation, limiting the usefulness of this technology (8) . Beneficial plant-associated bacteria have been shown to protect plants from metal toxicity and promote plant growth. The plant growth-promoting (PGP) characteristics that most of these bacteria possess, including N 2 fixation, siderophore production, the production of plant growth hormones, such as indole-3-acetic acid (IAA), and the reduction of ethylene synthesis by 1-aminocyclopropane-1-carboxylic acid (ACC) deaminase, are likely to play key roles in enhancing plant growth in metal-polluted soils (9) (10) (11) (12) (13) (14) . The combination of plants and plant-associated bacteria has been considered an important component of phytoremediation technology (15) (16) (17) (18) . Notably, since PGP characteristics are part of the growth strategies of bacteria and/or rely on bacterial metabolism, they are likely to be affected under metal stress conditions (19) (20) (21) (22) , which would probably have an impact on phytoremediation.
Microbes have developed several metal resistance mechanisms in response to heavy metal stress, including intracellular and/or extracellular sequestration, efflux systems to export excess metal ions from bacterial cells, and the transformation of metals into a less toxic form by enzymatic detoxification (23) (24) (25) (26) . It has been widely accepted that in the model bacterium Cupriavidus metallidurans, these mechanisms appear to be cooperative, not metal specific, and are controlled by a complex regulatory network involving several clusters of genes and functions (1, 27) . However, for other metal-resistant bacteria, especially some recently isolated species utilized in phytoremediation, investigations of such global regulatory metal response systems are still limited. Understanding of the survival and adaptive strategies of these plantassociated metal-resistant bacteria in response to heavy metals is important for better utilization of these bacteria in phytoremediation.
To address the research gaps mentioned above, we investigated the following questions relating to the physiological response of the metal-resistant bacterium Enterobacter sp. strain EG16 to Cd exposure. (i) What are the survival and adaptive strategies that EG16 uses in response to Cd toxicity? (ii) What PGP characteristics does EG16 have, and how are those characteristics affected by Cd exposure? (iii) Is EG16 suitable for microbially associated phytoremediation in metal-polluted soils?
MATERIALS AND METHODS
Isolation and identification of the bacterial strain. The bacterial strain used in this study was isolated from the rhizosphere of Hibiscus cannabinus growing in multimetal-polluted tailings in Dabao Mountain, Guangdong, China. The soil quality parameters are shown in Table S1 in the supplemental material. The roots of three H. cannabinus plants were soaked in sterile tap water for 20 min and were washed several times to remove adherent soil. After incubation at 30°C for 30 min on a rotary shaker (250 rpm), serial dilutions of the soil suspension were prepared. To select for the dominant species with Cd resistance, 0.1 ml of the diluent was spread on the solid surface of nutrient broth (NB) medium (1% peptone, 0.5% beef extract, 0.5% NaCl, 0.2 mg liter Ϫ1 Fe) containing 20 mg liter Ϫ1 (179 M) Cd 2ϩ , added as Cd(NO 3 ) 2 , in petri dishes. The petri dishes were incubated for 3 days at 30°C. Visually distinct bacterial colonies were selected and were incubated twice in the same Cd-containing medium in order to select pure Cd-resistant bacterial strains. One of the bacterial strains was selected, and genotypic identification was carried out by amplification of partial nucleotide sequences of the 16S rRNA. PCR products were sequenced, identified by running BLASTn against NCBI's 16S rRNA sequence database, and rechecked with Ribosomal Database Project (RDP) tools at a 90% confidence threshold. The bacterial strain was identified as an Enterobacter sp. strain and was named EG16. This strain has been deposited in the Guangdong Culture Collection Centre of Microbiology as strain number GIMCC1.808.
Effect of Cd on bacterial growth. To measure the effect of Cd on the growth of EG16, a freshly grown bacterial culture (1%) was incubated in NB medium either alone or supplemented with 5, 10, 50, ). The optical density at 600 nm (OD 600 ) was recorded at intervals by use of a spectrometer (Shimadzu, Japan) until the culture reached the stationary phase (28 h). The halfmaximal inhibitory concentration (IC 50 ) and the MIC values were determined. To determine whether the Cd resistance of EG16 was inducible, EG16 was grown in the presence or absence of 100 mg liter Ϫ1 (893 M) Cd 2ϩ for 24 h, after which 1 ml of the bacterial culture from each treatment was separately incubated in 100 ml of fresh NB medium supplemented with 100 mg liter Ϫ1 Cd 2ϩ , and the OD 600 was recorded every 4 h until the stationary phase was reached (28 h). Each experiment was conducted in triplicate.
Accumulation of Cd by EG16. Heavy metal accumulation, including both biosorption and intracellular bioaccumulation, is often one of the heavy metal resistance mechanisms in microbes (28) . Biosorption is a rapid process involving physical adsorption, ion exchange, and complexation at the cell surface, while bioaccumulation, which involves the transport of metals into bacterial cells by an active metabolism-dependent process, occurs more slowly (28, 29) . To determine the accumulation mechanisms of EG16, a desorption experiment was performed (30) . Bacterial cells grown in NB medium for 24 h were collected by centrifugation (8,000 rpm, 10 min, 4°C), resuspended (OD 600 , 1.0), added to fresh NB medium (1%) containing 100 mg liter Ϫ1 (893 M) Cd 2ϩ , and incubated for 2 h. After centrifugation (12,000 rpm, 10 min, 4°C), the Cd concentration in the supernatant was determined and was used to calculate the total amount of Cd retained by the cells. Then the cells were harvested and were added to 20 ml of either sterile deionized water, 1.0 M NH 4 NO 3 , or 0.1 M EDTA. After 2 h of incubation (30°C, 180 rpm), supernatants were harvested by centrifugation (10,000 rpm, 10 min) and were analyzed for Cd using inductively coupled plasma optical emission spectrometry (ICP-OES) (Optima 5300 DV system; Perkin-Elmer Instruments, USA). Each experiment was conducted in triplicate.
TEM and EDX analysis. For electron microscopy analysis, bacterial cells either were not pretreated with Cd or were pretreated as in the desorption experiment, with the Cd 2ϩ concentration set at 100 or 200 mg liter Ϫ1 (equivalent to 893 or 1,786 M Cd 2ϩ ). The cells were then fixed in 4% glutaraldehyde, washed three times in phosphate buffer, fixed in 1% osmium tetroxide, washed again in phosphate buffer, dehydrated though a graded series of ethanol solutions (30%, 50%, 70%, 90%, and 100%), soaked in propylene oxide, and finally embedded in Epon 812 epoxy resin for ultrathin sections (Leica, Austria) and subjected to transmission electron microscopy (TEM) analysis (JEOL, Japan). Electron-dense granules found via TEM were further examined by energy-dispersive X-ray (EDX) analysis as performed by Holmes et al. (2) . Each treatment was prepared with three replicates.
PGP characterization experiments. Siderophores produced by EG16 were quantified by the method of Dimkpa et al. (31) . Cells that had been cultured overnight were used to inoculate a siderophore-inducing medium (1%, vol/vol), as described previously by Alexander and Zuberer (32) , with a range of metal addition treatments. Specifically, the medium either was not treated with Cd (ϪCd) or was amended with 10, 100, or 1,000 M Cd 2ϩ (Cd 10 , Cd 100 , or Cd 1000 , respectively), added as CdCl 2 , in the presence (ϩ) or absence (Ϫ) of 100 M Fe 3ϩ , added as FeCl 3 . Thus, eight treatments were set up as follows: ϪFe ϪCd, ϪFe ϩCd 10 , ϪFe ϩCd 100 , ϪFe ϩCd 1000 , ϩFe ϪCd, ϩFe ϩCd 10 , ϩFe ϩCd 100 , and ϩFe ϩCd 1000 . After metal addition, cells were further cultured in the siderophore-inducing medium at 180 rpm for 48 h at 30°C, and cell viability was tested by plate counts. Then the cultures were centrifuged at 10,000 rpm for 10 min (4°C), and supernatants were collected by filtration using a 0.22-m filter (MicroPES; Membrana, Germany). For the detection of siderophores, the filtered solution was mixed with a chrome azurol S (CAS) indicator solution (1:1, vol/vol), which was prepared by the method of Alexander and Zuberer (32) . After a 60-min reaction period, absorbance was measured at 630 nm using a spectrometer (Shimadzu, Japan). The medium without bacterial inoculation was used as a control. Deferoxamine mesylate (DFOM; Sigma, USA) was used to prepare a standard curve (32) . Each treatment was conducted in triplicate.
In order to estimate IAA production, EG16 was cultured in the eight metal-containing media described in the preceding section, without exogenous tryptophan supplementation. After centrifugation, 1 ml supernatant was mixed with 4 ml Salkowski's reagent (9) and was placed at room temperature (25°C) for 20 min before the absorbance at 535 nm was measured. The concentration of IAA in each culture medium was determined by comparison with a standard curve made using an IAA standard (Sigma, USA). N 2 fixation activity and ACC deaminase activity were determined by the methods of Belimov et al. (3) 4 as a sole source of nitrogen to prepare SMC or SMN medium, respectively. Bacteria were incubated at 30°C for 5 days at 180 rpm in flasks containing 5 ml of a liquid SM, SMC, or SMN medium, and then absorbance was measured at 600 nm using a spectrometer (Shimadzu, Japan).
To determine the PGP effects of EG16 on H. cannabinus, an elongation assay was performed by the method of Belimov et al. (3) with modifications. For the uninduced and induced treatments, bacteria were first grown in NB medium in the absence or presence, respectively, of 100 mg liter Ϫ1 Cd 2ϩ (equivalent to 0 or 893 M Cd 2ϩ ) for 24 h, then collected by centrifugation (6,000 rpm, 10 min, 4°C), and finally resuspended in sterile deionized water (OD 600 , 1.0 [equivalent to 10 8 CFU ml Ϫ1 ]). Six-milliliter quantities of the bacterial suspension or sterile deionized water (uninoculated control [CK]) was added to sterile glass petri dishes with filter paper. The bacterial suspensions and water were either left untreated or supple-mented with 10 or 100 mg liter Ϫ1 Cd 2ϩ added as Cd(NO 3 ) 2 (equivalent to 89.3 or 893 M Cd 2ϩ ). H. cannabinus seeds were surface sterilized using 10% H 2 O 2 for 30 min, washed with sterile deionized water, and placed in the glass petri dishes mentioned above (so that the seeds were moistened but not submerged). Root and shoot lengths were measured after incubation for 7 days at 30°C in the dark. Three dishes (30 seeds per dish), as three replicates, were prepared for each Cd treatment.
Uptake of Fe and Cd by EG16 as affected by the interplay between Fe and Cd. The amounts of Fe and Cd in bacterial cells harvested in siderophore quantification experiments were determined as follows: cells were washed twice in 0.1 M EDTA, dried, and weighed, and then heavy metals were extracted by nitric acid digestion, after which Fe and Cd concentrations were determined by ICP-OES (Optima 5300 DV system; PerkinElmer Instruments, USA).
Bacterial cultivation conditions for RNA-seq analyses. For transcriptome sequencing (RNA-seq) analysis, bacterial cultures were pregrown in NB medium to mid-log phase (12 h) on a rotary shaker (180 rpm) at 30°C. One milliliter of each culture was then added to 100 ml of fresh NB medium containing either no added Cd (control treatment) or 100 mg liter Ϫ1 (893 M) Cd 2ϩ , added as Cd(NO 3 ) 2 , and the mixture was then incubated for another 24 h under the same conditions as before. Each treatment was carried out in five replicates. After the 24-h incubation period, bacterial cultures were divided into equal volumes to obtain samples to be used for RNA extraction and were pretreated by following the methods of Maynaud et al. (1) . One-tenth volume of ice-cold stop buffer (5% phenol in ethanol) was added to each sample, and the mixture was centrifuged at 8,000 rpm and 4°C for 5 min. Supernatants were discarded, and the samples were recentrifuged for 1 min to remove all the liquid at the bottoms of the tubes. Cells were quickly frozen in liquid nitrogen and were stored at Ϫ80°C until RNA extraction.
RNA extraction, sequencing, and RNA-seq analyses. Total RNA was extracted from bacterial pellets by the TRIzol method (Invitrogen, USA) and was purified using the RNeasy MinElute cleanup kit (Qiagen, Germany). To eliminate rRNA, the RiboMinus transcriptome isolation kit for RNA-seq (Invitrogen, USA) was used. Total-RNA and mRNA quantities and quality were assessed using a NanoDrop 2000 spectrophotometer (Thermo Fisher Scientific, USA) and an Agilent 2100 bioanalyzer with RNA Nano chips (Agilent Technologies, USA). The RNA integrity numbers (RIN) were 6.0, showing good RNA quality (see Fig. S1 in the supplemental material).
For RNA sequencing, a cDNA library was synthesized according to the manufacturer's instructions as follows: RNA fragments were copied into first-strand cDNA using SuperScript III first-strand synthesis SuperMix (Invitrogen, USA) with random hexamer primers, after which the secondstrand cDNA was synthesized using a buffer, RNase H, deoxynucleoside triphosphates (dNTPs), and DNA polymerase I. For sequencing, 10 ng of cDNA was mixed with magnetic beads (Invitrogen, USA) and with the sequencing primers, followed by thorough mixing with 100 ml castor oil, before being loaded into the Ion OneTouch system (Invitrogen, USA). After 1.5 h of emulsion PCR, beads with PCR products were collected and were washed with 150 l buffer. A 100-l volume of the bead suspension was loaded onto the Ion 318 chip used for sequencing (Ion Torrent system; Thermo Fisher Scientific, USA).
Pretreatment of the raw sequencing data, removal of the adapter sequences, and quality value calculations were performed using Torrent Suite software, version 3.6 (Thermo Fisher Scientific, USA). The raw reads were subjected to a quality check using FastQC (version 3.4.1.1). Quality reads were obtained by trimming the raw reads at a minimum PHRED quality (Q) score of 20. The number of Q20 bases was 321.70 Mbp; the mean length of a sequence was 79 bp; and the longest read was 368 bp (see Table S2 in the supplemental material). Evaluating the quality of the loading density on the chip, we obtained a loading of 82.4%, with an enrichment of 100.0% (see Table S2 ). Reads that passed the quality filter were mapped on the reference genome of (Fig. 2 ). Accordingly, we used 100 mg liter Ϫ1 (893 M) Cd 2ϩ as the Cd concentration in subsequent experiments. Bacteria that had been preexposed to 100 mg liter Ϫ1 Cd 2ϩ appeared to reach the exponential phase earlier, and had a higher growth rate, than uninduced bacteria (see Fig. S2 in the supplemental material), indicating that EG16 may have Cd resistance mechanisms that are induced under Cd stress.
Mechanisms of Cd accumulation in EG16.
A desorption experiment was performed to determine the fractions of Cd adsorbed by different mechanisms. Metal ions released by sterile deionized water were regarded as the fraction adsorbed by physical adsorption, while those released by NH 4 NO 3 contained both the fraction adsorbed by physical adsorption and that adsorbed by ion exchange. EDTA, however, releases all of the metal ions adsorbed by physical adsorption, ion exchange, and complexation (30, 33) . In our study (see Fig. S3 in the supplemental material), 11% of Cd was released from EG16 cells by sterile deionized water, 22% by NH 4 NO 3 , and 31% by EDTA. Consequently, the fractions adsorbed by physical adsorption, ion exchange, and complexation were 11%, 11%, and 9%, respectively, and thus, these three mechanisms have similar importance in the biosorption of Cd by EG16. The fraction of total cell-accumulated Cd that was not desorbed by water, NH 4 NO 3 , or EDTA (about 70%) was regarded as the fraction transported into the cells, suggesting that intracellular accumulation is the dominant mechanism of Cd accumulation by EG16.
TEM was used to confirm the intracellular accumulation of Cd by EG16 cells. Ultrathin sections of cells grown without Cd exhibited normal morphology (Fig. 3a) . Although detectable growth was also observed with the 200-mg liter Ϫ1 Cd 2ϩ treatment, cells exhibited visually distorted morphologies with deformed cytoplasmic membranes (Fig. 3d, red arrows) . Compared to the control, Cd-treated cells exhibited many dark electron-dense granules within the EG16 cells, suggesting Cd accumulation inside the cells (Fig. 3b, c, and d) . Cells grown without Cd and two of the electrondense granules found after the 100-mg liter Ϫ1 Cd 2ϩ treatment (eds1 and eds2 [ Fig. 3c]) were further tested by EDX analysis (Fig.  3e, f, and g, respectively) . The results confirmed the presence of Cd in these electron-dense granules (0.35 atom% in eds1 [ Fig. 3f] and 0.18 atom% in eds2 [ Fig. 3g]) , providing direct evidence for intracellular accumulation of Cd by EG16. Furthermore, the ele-mental analysis of eds1 and eds2 gave Cd/S ratios of ca. 1:1 and 1:3, respectively, suggesting the possibility of the presence of intracellular cadmium sulfide.
Effect of Cd on the PGP characteristics of EG16. Our PGP characterization experiments showed that under Fe-deficient conditions, the presence of Cd significantly increased siderophore production in EG16 (P Ͻ 0.05), although no significant difference was observed between the three Cd treatments (Table 1 ). In Fecontaining media, no siderophore was detected, irrespective of the Cd concentration. However, IAA production decreased with increasing Cd exposure, and the inhibition of IAA synthesis by Cd was more severe in Fe-containing (siderophore-deficient) media than in media without Fe addition (Table 1) . For detection of the N 2 fixation and ACC deaminase activities of EG16, bacteria were incubated on SM medium (containing no nitrogen source) and SMC medium (containing ACC as the sole source of nitrogen). The absence of bacterial growth on these media indicated that EG16 has neither N 2 fixation nor ACC deaminase activity (data not shown).
Interestingly, the PGP effects of EG16 on the growth of H. cannabinus were significant only in the medium to which a high concentration of Cd was added and which was inoculated with EG16 pretreated with 100 mg liter Ϫ1 Cd 2ϩ (inducing treatment). When 100 mg liter Ϫ1 Cd 2ϩ was added (see Fig. S4c in the supplemental material), the total root length and shoot length of the seedlings with the inducing treatment were 37.6% and 24.2% higher, respectively, than those for the uninoculated control (CK) (P Ͻ 0.01). However, PGP effects were slight or nonexistent (P Ͼ 0.05) when 10 mg liter Ϫ1 Cd 2ϩ or no Cd was added (see Fig. S4a  and b) .
Uptake of Cd and Fe by EG16. Bacterial cells were pretreated in media containing eight different combinations of Fe and Cd concentrations as described for the siderophore quantification experiment, and the contents of Fe and Cd in the cells were determined. For treatments with 100 M or 1,000 M Cd 2ϩ , the Cd content in EG16 was significantly higher when no exogenous Fe was added to the medium (ϪFe) than when Fe was added (ϩFe) (Fig. 4a) . When Fe was added, EG16 cells exhibited a trend of increased contents of both Cd and Fe with increasing external concentrations of Cd (Fig. 4a and b) . This result suggests that EG16 cells exposed to Cd have an increased requirement for Fe, which may help to counteract Cd toxicity (23) .
Identification of genes regulated by Cd in EG16. In the RNAseq analysis, 866 of 5,749 predicted EG16 genes (15%) were expressed significantly differentially (FC, Ն2 or Յ0.5) when exposed to Cd; 1.1% of genes were upregulated, and 13.9% were downregulated. In other words, the expression levels of most EG16 genes were unaffected when the strain was grown in a medium originally treated with 100 mg liter Ϫ1 (893 M) Cd 2ϩ , showing that that level of Cd stress did not have a great impact at T and STM 4661, exposed to Zn and Cd (1), for Saccharomyces cerevisiae exposed to several transition metals (34) , and for Escherichia coli DH5␣ exposed to a mixture of heavy metals (35) , where metals affected the expression levels of only a low proportion of genes. Such results are not unexpected in the case of metal-resistant strains, since they are able to maintain relatively normal growth while dealing with metal stress by regulating the portion of genes involved in metal response.
Highly responsive genes were divided into several categories based on the BioCyc database (http://biocyc.org/) (see Table S3 in the supplemental material). Specifically, 217 of 866 genes (25.1%) were involved in cell metabolic activities; 183 genes (21.1%) encoded proteins associated with cellular information transfer, including DNA-, RNA-, and protein-related processes; 47 genes (5.4%) encoded proteins involved in cell processes such as stress responses, cell division, and detoxification; 24 genes (2.8%) encoded transport-related proteins; 14 genes (1.6%) encoded regulators or enzymes involved in regulation; 1 gene (0.1%) encoded a protein related to cell structure; and the remainder of the genes encoded unclassified proteins (24.5%) or hypothetical proteins (19.4%) (see Table S3 ).
Of the 866 highly responsive genes, 40 that encoded proteins involved in energy metabolism were downregulated with Cd treatment, including 16 genes associated with aerobic or anaerobic respiration. Also significantly repressed were 35 genes related to amino acid biosynthesis, 30 genes involved in macromolecule biosynthesis or degradation, and 12 genes involved in cell division, all of which are processes that consume energy.
Five genes encoding stress-related proteins were induced in response to Cd (see Table S3 in the supplemental material). The ECL_03081 gene (ahpC), encoding alkyl hydroperoxide reductase subunit C, was upregulated 4.0-fold with Cd treatment. Alkyl hydroperoxide reductase participates in the control of endogenous peroxides and responses to elevated reactive oxygen species (ROS) levels, which can be enhanced by Cd stress (36) . It has been reported that a defect in ahpC function leads to changes in the cell morphology, cell surface properties, biofilms, aggregation, and flocculation of the bacterium Azospirillum brasilense; all of these processes and characteristics are important for common adaptive responses to various stresses in bacteria (37), suggesting a critical role for ahpC in stress response. A zinc/cadmium/mercury/leadtransporting ATPase gene was 2.7-fold upregulated with Cd exposure. Metal-transporting ATPases are likely to be used by microorganisms to maintain nontoxic levels of metals in the cytoplasm (1) . In addition, the ECL_01750, ECL_02612, and ECL_04763 genes, encoding proteins involved in responses to osmotic stress, starvation, and temperature extremes, were overexpressed with Cd treatment.
Several genes involved in intracellular sulfur metabolism were upregulated with Cd exposure, including genes encoding proteins participating in sulfate transport (cysP), sulfur assimilation (ECL_04101, ECL_04100, ECL_03744, and ECL_00157), and glutathione (GSH) biosynthesis (ECL_04276 and ECL_04027) ( Fig. 5 ; see also Table S3 in the supplemental material). However, we detected significant downregulation of genes involved in the biosynthesis of Fe-S clusters (iscA and iscU) and of genes encoding proteins containing Fe-S clusters (such as ECL_05090, ECL_00918, ECL_04701, ECL_00555, and ECL_04602). On the other hand, ECL_01386 (encoding ferritin), ECL_04701 (encoding bacterioferritin-associated ferredoxin), and ECL_04773 (encoding a ferrous iron transport protein), all of which are involved in bacterial Fe acquisition and storage, were inhibited with Cd treatment (see Table S3 ). Interestingly, fur, which encodes the ferric uptake regulator, a transcriptional repressor that negatively regulates the uptake system for Fe (38) , was downregulated, which acted to increase Fe uptake by EG16.
DISCUSSION
Although EG16 has a relatively high Cd tolerance, our data showed widespread repression of the processes of both information transfer (transcription and translation) and metabolism with Cd exposure (see Table S3 in the supplemental material). Recent research on the transcriptional responses of two metal-tolerant Mesorhizobium isolates to Zn and Cd exposure showed repression of the translation machinery similar to what we observed (1). Another study found that E. coli shut down transcription and translation when exposed to Cd (39) , suggesting that bacterial protein synthesis was inhibited by Cd exposure. The second largest functional group of genes that were significantly repressed consisted of those involved in metabolism, especially energy metabolism (40 of 217 genes), including a number of genes associated with aerobic and anaerobic respiration. In contrast to E. coli, which switches from aerobic to anaerobic respiration when exposed to Cd (39), strain EG16 appeared to promote energy conservation by lowering its overall respiration. A diminished need for respiration during growth arrest has been proposed as a microbial survival strategy (40) . Other metabolic processes repressed were those that require high energy consumption, such as amino acid biosynthesis, macromolecule biosynthesis and degradation, and cell division, indicating that EG16 probably adopts an energy-conserving mode when exposed to Cd, a response similar to that of E. coli (39) . Energy conserved in the processes mentioned above was likely to be spent in producing stress-related proteins in response to Cd toxicity, as well as in importing sulfur and iron, which may become deficient upon Cd exposure. It has been reported that although some microbial genes are involved in common responses to all metals, genes required for specific metal tolerance fall into largely distinct clusters (41) . In Saccharomyces cerevisiae, the functions of Cd-inducible genes are concentrated in the areas of chromatin modification, GSH biosynthesis, and responses to stress (34, 41) . Induction of stress-related genes not only confirms the high Cd resistance of EG16 but also suggests a Cd response mechanism in this strain.
Sulfur is an essential element that plays several important roles in cells; it is incorporated into the amino acids cysteine and methionine, as well as into cellular cofactors, including glutathione, lipoic acid, and Fe-S clusters (42) . Since Cd is one of the transition metals that have sulfur as their preferred ligand and show high reactivity with sulfhydryl groups (41), the binding of Cd to sulfur may lead to Cd toxicity but may also play an important role in metal detoxification by bacterial cells. In Enterobacter cloacae ATCC 13047, extracellular sulfate is taken up by sulfate transporters and is used in an assimilation pathway to produce sulfide (KEGG pathway database [http://www.kegg.jp/kegg/pathway .html]). Sulfide can then go into the cysteine/methionine/GSH biosynthesis pathway, as shown in Fig. 5 . GSH is the main redox buffer of the cell and is necessary for resistance to oxidative stress and metal toxicity in microorganisms (43, 44) . GSH contributes to metal detoxification either by binding metals using its sulfhydryl group or by protecting cells against metal-induced oxidative stress, or both (41, 43) . Besides, sulfide can bind free Cd ions and might play a role in intracellular Cd binding. As shown in Fig. 5 , we detected significant upregulation of genes involved in the GSH and sulfide biosynthesis pathways, while the L-methionine biosynthesis pathway was more or less suppressed. A number of genes encoding proteins containing Fe-S clusters were also inhibited with Cd treatment. It is likely that strain EG16 countered Cd toxicity by synthesizing more GSH and sulfide so as to bind and inactivate free Cd ions in cells. On the other hand, Cd binds to sulfur that is necessary for the synthesis of other sulfur -containing proteins (44) , which might cause sulfur deficiency in cells. To defend against Cd toxicity, cells redirect sulfur metabolism by routing most of the assimilated sulfur into the synthesis of GSH and sulfide at the expense of other sulfur -containing proteins, as reported for Saccharomyces cerevisiae (41, 45, 46) . Intracellular Cd binding by sulfur could be roughly proved in the Cd accumulation experiment and the TEM-EDX analysis, which showed the potential presence of cadmium sulfide.
Iron is the third most abundant of the metals found in enzymes, and about 5% of all E. coli proteins require Fe-S clusters (47, 48) . The production of siderophores is one of the most common bacterial strategies for the acquisition of iron under Fe-limited conditions (11) . Some metals, including Cd, have been found to compete with Fe for siderophore binding and to cause Fe deficiency in microbes, possibly associated with an inability to recycle siderophores complexed with other metals (23, (49) (50) (51) (52) . This phenomenon may be one of the mechanisms of metal toxicity in these organisms. In fact, genes encoding proteins involved in cellular Fe acquisition and Fe storage (ferritin, bacterioferritin-associated ferredoxin, and ferrous iron transport protein A) were found to be downregulated in our study, indicating that Cd exposure might have caused Fe deficiency in EG16 cells. According to Schalk et al. (21) , under conditions of limited availability of an essential metal, various enzymes necessary for bacterial metabolism lose activity, compromising cell survival. Such a scenario may partially explain the widespread repression of metabolism observed in strain EG16. In addition, the expression of genes involved in cellular Fe uptake was altered in response to Cd-induced Fe deficiency. Downregulation of fur, which encodes a ferric uptake regulator protein, is likely to induce Fe uptake by regulating the synthesis of Fe metabolism-related proteins and complexes, such as siderophores (38) . A recent study on E. coli described an additional role for ahpC as a regulator of iron metabolism, through its effect on the biosynthesis pathway of the siderophore enterobactin (53) . It was found that deletion of ahpC caused decreased production of enterobactin. In our study, Cd exposure led to downregulation of fur and upregulation of ahpC, both of which changes contributed to increased production of siderophores. Meanwhile, we observed induced production of siderophores with Cd exposure (Table 1) , as well as significantly higher Cd uptake in media to which no Fe was added (with siderophore production) than in those to which Fe was added (without siderophore production) (Fig. 4a) . It was likely that the competition of Cd for siderophore binding caused Fe deficiency and increased Cd uptake in EG16 cells, resulting in increased bacterial siderophore production in response to this Cdinduced Fe deficiency. A similar stimulating effect of heavy metals on siderophore production in various metal-resistant bacteria has also been observed in several previous studies. For instance, the Pseudomonas aeruginosa strain KUCd1, which also showed high Cd resistance, was reported to increase siderophore production when exposed to Cd (20) . Similarly, Braud et al. (54) found that the presence of Al, Cu, Ga, Mn, Ni, and Zn in the extracellular medium induced pyoverdine production in Pseudomonas aeruginosa PAO1, while Naik and Dubey (55) observed Pb-enhanced siderophore production when Pb-resistant Pseudomonas aeruginosa strain 4EA was cultured in a medium containing as much as 0.5 mM lead nitrate. In contrast, reduced siderophore production upon exposure to Cd (10 to 100 M) was observed in Bacillus amyloliquefaciens NAR38.1 by Gaonkar and Bhosle (56) , together with severe inhibition of bacterial growth. The authors suggested that the decrease in siderophore production was a result of the Cd sensitivity of the bacterium. Thus, induction of siderophore production may be a metal response mechanism in metal-resistant, but not metal-sensitive, bacteria for dealing with Fe deficiency caused by other toxic metals.
However, genes involved in the enterobactin biosynthesis pathway were not significantly affected (Fig. 5) . For Enterobacter cloacae ATCC 13047, enterobactin can be synthesized from chorismate, which, in turn, is generated from tyrosine and phenylalanine (Fig. 5) . Notably, although Cd toxicity caused strong repression of genes involved in amino acid biosynthesis, as mentioned above, the synthesis of tyrosine and phenylalanine was not significantly affected. Moreover, chorismate is also an upstream precursor of tryptophan, which is involved in the IAA biosynthesis pathway (Fig. 5 ). An interesting finding was that several genes involved in the chorismate and IAA biosynthesis pathways were repressed to various extents with Cd exposure (Fig. 5) , and IAA production was also observed to decline significantly with increasing Cd exposure in the characterization experiments (Table 1) . It seemed that EG16 preferentially distributed chorismate to the production of siderophores rather than to IAA when the synthesis of chorismate was impacted, thereby maintaining the enterobactin biosynthesis pathway under Cd exposure. Notably, the Salkowski colorimetric test that we used for IAA quantification is specific for IAA, indole-3-pyruvate (IPyA), and indole-3-acetamide (IAM) (57) . Both IPyA and IAM are involved in the tryptophan-dependent IAA biosynthesis pathway; they are produced from tryptophan and are the precursors of IAA (9, 58) . As shown in Fig. 5 , genes involved in the IPyA pathway were identified in strain EG16. As a result, the IAA production we measured might include both IAA and its precursor IPyA, both of which are tryptophan dependent and showed inhibited synthesis. Reductions in the level of IAA production in the presence of metals have also been observed in several other studies (19, 31, 59) and were attributed either to a lower level of synthesis caused by metal stress or to degradation by IAA peroxidases, which can be induced by metal-catalyzed free radical formation (59, 60) . The inhibition of IAA synthesis by Cd was more severe in Fe-containing (siderophore-deficient) media than in Fe-deficient media (Table 1) . Similarly, Dimkpa et al. (59) reported an important role for siderophores in IAA production under conditions of metal stress. They surmised that the binding of metals by siderophores decreased free toxic metal concentrations, thereby alleviating the inhibitory effects of these metals on IAA synthesis.
When the bacteria were not suffering from Cd stress and showed normal growth, as shown in Fig. 1 , there was no measurable PGP effect (see Fig. S4a and b in the supplemental material). However, in the medium containing a high Cd concentration (100 mg liter Ϫ1 Cd 2ϩ ) that was inoculated with EG16 preexposed to Cd (see Fig. S4c , bars I), the stimulation of shoot and root elongation by EG16 was significant. It seemed that the PGP effect shown by the isolate under inducing conditions resulted from its Cd-induced response mechanisms (see Fig. S2 in the supplemental material) and contributed to retaining relatively normal growth and probably increasing siderophore production. Nevertheless, since the bacterial suspension had no nutrition, it might be difficult for the isolate to activate its Cd response mechanisms under uninduced conditions (UI), and thus, it showed no significant PGP effect under these conditions. As a result, the plants benefited from bacterial inoculation only in the case of Cd stress, just as Remans et al. (61) reported. In another study (3), inoculation of plant-associated bacteria in the absence of Cd also significantly increased the root lengths of seedlings, while such stimulation was more pronounced with Cd addition. Tripathi et al. (62) inoculated mung beans with the siderophore-producing Pb-and Cdresistant Pseudomonas putida strain KNP9 and observed stronger growth-promoting effects in the presence of Pb and Cd than for the control without added metal. According to Remans et al. (61) , plant-associated bacteria may possess characteristics that relieve stress and thus promote plant growth only under stress conditions. In the present study, induced production of siderophores under conditions of Cd exposure may be one such stress-relieving characteristic and seems to contribute to plant growth promotion.
In evaluating candidate plant-associated metal-resistant bacteria for use in phytoremediation, it is of great importance to understand their survival and adaptive strategies under conditions of metal stress. Bacteria belonging to the genus Enterobacter have been found to associate frequently with a large number of plant species, colonizing the rhizosphere and other plant parts (63) (64) (65) (66) . Moreover, several metal-resistant Enterobacter species, including some with PGP effects, have been isolated, and some of their characteristics in response to metals have been determined (67) (68) (69) (70) (71) (72) . However, investigations of their metal response systems at the global regulatory level are limited.
Here we characterize the transcriptomic response of an Enterobacter strain to metal stress. The newly isolated Cd-resistant Enterobacter sp. strain EG16 responded to high levels of Cd through regulation at the transcriptomic level. When exposed to Cd, the bacterium adopted an energy-conserving mode via regulation of genes involved in energy-consuming processes. This conserved energy was available to be spent on the production of stress-related proteins responding to Cd stress and on the import of sulfur and iron, both of which become deficient under conditions of Cd toxicity, indicating an alteration in priorities from growth to survival and adaptation to a new environment. Gene expression data also suggested that EG16 redirected sulfur metabolism to maintain its intracellular GSH level, which is important for microbial resistance to oxidative stress and metal toxicity. Increased siderophore production was one of the responses of strain EG16 to Cd stress as it coped with Cd-induced Fe deficiency in cells. This siderophore production may also help promote plant growth under the conditions of metal stress encountered in phytoremediation, possibly through the alleviation of Cd-induced inhibition of IAA production. Further research is needed to confirm the practical effect of strain EG16 on plant growth in Cd-polluted soils and to clarify the PGP characteristics of the strain during phytoremediation. 
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